In the Simpson Desert, central Australia, heavy rainfalls associated with the La Niña phase of the El Niño Southern Oscillation (ENSO) during 1999-2000 stimulated a pulse of primary productivity that prompted a rodent irruption during 2001, and subsequently an extensive wildfire in [2001][2002]. More than 10,000 km 2 of spinifex habitat were burned. In this study we examine a time series of climatic variables, and small mammal and predator dynamics in the desert in 1999-2002; and a before-after-control-impact study investigating the effects of the wildfire on small mammals. Rodents showed a delayed numerical increase in response to rainfall, whereas terrestrial predators showed a delayed numerical increase in response to rodent density. These delayed responses suggest the existence of bottom-up trophic pathways. However, a reduction in primary productivity and increase in predators appeared to suppress rodent numbers in 2001-2002, indicating that bottom-up effects can be temporarily reversed in this system. Wildfire had negative impacts on the abundance of the desert mouse (Pseudomys desertor) and the overall richness of small mammal species. Several other species of small mammals also appeared to show brief negative responses to wildfire. The impacts of wildfire on small mammals appear attributable to a loss of habitat for spinifex-dependent species and increased exposure to predation in burned habitats. Because extensive wildfires can be predicted from patterns of rainfall and fuel accumulation, we recommend that land managers be proactive in recognizing and reducing conditions of fire hazard. We recommend that small-scale prescribed burns should be carried out to reduce the extent of wildfires and also increase the chance of maintaining potential refuges from predators. In addition, control of introduced predators during and after irruptions of rodents will be crucial to prevent predator-driven crashes of their populations and those of secondary prey species. ENSO-related climatic forecasts appear to be useful cues that can be incorporated into fire and predator management strategies in arid Australia.
In the arid lands of Australia and the Americas, episodic flooding rains associated with the El Niño Southern Oscillation (ENSO) can produce an abundance of vegetative growth, stimulate the recruitment of shrubs and trees, and prompt spectacular irruptions of rodents (Holmgren et al. 2001; Jaksic and Lima 2003; Jaksic et al. 1997; Nicholls 1991) . Dense vegetation, particularly grasses and annual herbs, produced by such exceptional rainfall events can fuel extensive fires once dry (Block and Richter 2000; Griffin et al. 1983; Swetnam and Betancourt 1992) . In central Australia, after flooding rains in [1974] [1975] , a series of lightning-initiated wildfires burned millions of hectares of ground fuel (Luke and McArthur 1978) . Fire events of comparable scale also occurred in Australia in 1916 -1917 , 1951 (Luke and McArthur 1978 Several studies have described the impacts of fire on small mammals inhabiting arid areas. Most of these examined relatively small and ''cool'' prescribed burns or were postfire studies without prefire data. Fires appear to cause little direct mortality among burrowing small mammals (Letnic 2003a; Simons 1991; Southgate and Masters 1996) ; however, species that shelter above the ground may suffer considerable mortality (Simons 1991) . Studies examining mammalian community recovery in burned landscapes have found that some species prefer unburned patches, whereas others prefer burned areas (Groves and Steenhof 1988; Letnic et al. 2004; Ojeda 1989) , and that mammal abundance in postfire environments often is influenced by rainfalls (Fitzgerald et al. 2001 ; Groves and Steenhof 1988; Letnic 2003a; Masters 1993; Southgate and Masters 1996) . The preference of species for burned and unburned habitats frequently reflects their body morphology and life history (Ojeda 1989; Simons 1991) . For example, in the United States, bipedal rodents show preferences for open, recently burned habitats, whereas quadrupedal species usually prefer unburned habitats with greater vegetative cover (Fitzgerald et al. 2001; Halford 1981; Simons 1991) .
Investigations of the impact of wildfires, which usually are hotter and more extensive than prescribed fires, on small mammals and other vertebrates in arid and nonarid landscapes are relatively few (e.g., Fox 1982; Groves and Steenhof 1988; Loyn 1997; Newsome et al. 1975; Price and Waser 1984; Silveira et al. 1999; Whelan et al. 1996) . This is because studies of unplanned fires cannot be designed, are normally retrospective and opportunistic, and thus, are hampered by an absence of prefire data sets and the destruction of potential control sites. The responses of vertebrates to wildfires are complex, reflecting the varying food and shelter requirements of different species, their exposure to predation, and other factors. Vertebrates that shelter above the ground and are not particularly mobile are often killed directly by fire (Chew et al. 1959; Newsome et al. 1975; Silveira et al. 1999; Simons 1991) . Conversely, species capable of extensive movements such as large predators and birds frequently escape the flames and may increase in abundance after wildfire when food resources become available (Loyn 1997; Newsome et al. 1975) . Burrowing herbivores and omnivores are likely to survive fires and, depending on predation, may increase in abundance after postfire flushes of vegetation (Newsome et al. 1975) . Postwildfire decreases in the abundance of some species have been attributed to a lack of food resources and increased exposure to predation (Groves and Steenhof 1988; Lawrence 1966; Newsome et al. 1975 Newsome et al. , 1983 .
In this study we examine the impacts of the moderate La Niña event of 1999-2000 (Darwin Regional Specialized Meteorological Centre 1999 on mammals in the Simpson Desert, Queensland, and Northern Territory, Australia. The study comprised 2 complementary parts. The 1st was a time-series analysis of climatic variables and mammalian dynamics from 1999-2002, the aim of which was to provide background information on the climatic and environmental processes that preceded the [2001] [2002] wildfires. The 2nd part of the study was an investigation into the impact that wildfire had on small mammals. During the wet season of [2001] [2002] , in excess of 10,000 km 2 of the Simpson Desert was burned by wildfire. This included more than 1,000 km 2 of our study area. Although much of the study area was burned, we fortuitously had available study sites that remained unburned and we were therefore able to retrospectively implement a before-after-control-impact analysis (Green 1993) . Because each of the study sites was equipped with an automated weather station we also had the opportunity to measure prefire and postfire differences in rainfall at each site and, thus, for the 1st time, could attempt to untangle the potentially confounding influences of spatially variable rainfalls.
The specific aims of this study are to describe the dynamics of small mammals and terrestrial predators on unburned sites between August 1999 and July 2002 and to relate the abundance of mammals to the Southern Oscillation Index (SOI, an indicator of the phase of ENSO, rainfall, primary productivity, and, in the case of predators, prey abundance); and to determine if the abundance and species richness of small mammals differed between plots that were burned and unburned, before and after the wildfire.
STUDY AREA AND METHODS
Study area.-The study area was located across 3 cattle-grazing properties straddling the Queensland and Northern Territory border in central Australia, Carlo (238299S, 1388329E, Queensland), Tobermorey (228169S, 1378589E, Northern Territory), and Ethabuka (238459S, 1388289E, Queensland; Fig. 1 ). The elevation of the study area is 86-235 m above sea level.
The dominant landforms within the study area are longitudinal sand ridges 8-10 m in height, running in a north-northwest-south-southeast direction. The parallel dunes are spaced 100-1,000 m apart (Purdie 1984) . The dune slopes and swales of long unburned areas (.5 years postfire) support hummock grassland dominated by Triodia basedowii (spinifex). Shrubs including Grevillea juncifolia, Eremophila, Acacia ligulata, and Dodonaea viscosa are common in these areas. Vegetation on dune crests is dominated by shrubs, particularly Grevillea stenobotrya, Crotalaria, and Sida, and, after rain, many ephemeral herbs and forbs are present.
The Simpson Desert is classified as a hot desert (Evenari et al. 1985) . The study area lies along a north-south rainfall gradient between the 150-and 100-mm median annual rainfall isopleths (Purdie 1984) . The nearest weather stations to the study area, at Sandringham (248039S, 1388049E), Marion Downs (238219S, 1398399E), Glenormiston (228559S, 1388499E), and Boulia (228559S, 1398549E), have median annual rainfalls of 137 mm (n ¼ 40 years), 149 mm (n ¼ 86 years), 169 mm (n ¼ 100 years), and 215 mm (n ¼ 110 years), respectively. There is a pronounced wet season, with most rainfall occurring between December and March. The annual occurrence and intensity of rainfall in the region is highly variable and is influenced by the ENSO (Letnic 2003b; Roshier et al. 2001) . Daily maximum temperatures in December and January generally are .408C. In July, daily minimum temperatures frequently are ,58C.
Fire history.-Extensive wildfires within the study area and across central Australia are normally associated with high-rainfall events (Allan and Southgate 2002; Griffin et al. 1983 ). In the case of spinifex grasslands, it is also apparent that there is a cumulative rainfall threshold between fire events that is required for fuel accumulation (Allan and Southgate 2002) .
Within the study area, extensive wildfires (.1,000 km 2 ) occurred in 1917-1918, late 1951, 1974-1975, and 2001-2002 (Table 1; Letnic 2003b) . The 1974 The -1975 fires burned .10,000 km 2 of the Simpson Desert (Fig. 1) . Historical records suggest that the 1917-1918 and 1951 wildfire events were of a similar extent; however, details of these fires are sparse. Aboriginal mythology describes the occurrence of similarly extensive fires within the study area (Hercus 1994) . This suggests that broadscale fire events also occurred before European settlement in the late 1800s, although frequent small-scale burning by Aboriginal people (Letnic 2003b ) is likely to have checked the extent of wildfires in the precolonial period (Burrows and Christensen 1990) .
Cumulative rainfall for the rain-year (July-June) preceding the 1917, 1951, 1974, and 2001 wildfire events exceeded the 87th percentile of the rainfall distribution for the Glenormiston weather station (n ¼ 112 years) and the 92nd percentile of the frequency distribution for the mean June-November SOI (n ¼ 109 years ; Letnic 2003b ). Examination of these data indicates that wildfires followed high-rainfall events and the La Niña phase of ENSO (Table 1) . In contrast, rainfall and the SOI in the years when wildfires occurred show little pattern (Table 1) .
Experimental design: time series.-Animals were livetrapped on 4 trapping grids located at the Tobermorey study site ( Fig. 1B ; these grids also served as controls in the wildfire component of this study). The grids were trapped and spotlighting observations were conducted on 13 occasions between August 1999 and July 2002 (Fig. 2) . None of these grids were burned during the wildfires of [2001] [2002] . The mean time between trapping sessions was 2.3 months (range 1-5 months). Mean monthly rainfall for the Tobermorey site between August 1998 and July 2002 was calculated as the mean of 2 automated weather stations located within 5 km of the trapping grids. The grids were located .10 km from active cattle-watering points.
Experimental design: impact of wildfire.-Animals were livetrapped on 12 study grids. Six grids, at Field River and Oil Bore (Fig. 1B) , were located within areas that were burned during wildfires between 6 and 8 November 2001. Grids at Oil Bore and Field River North were completely burned and no vegetation remained after the fire, whereas grids at Field River South were only partially burned. The 6 control grids (Tobermorey and Ethabuka) had not burned for at least 25 years (Fig. 1B) . Consequently, data were available so that a before-aftercontrol impact experimental design could be used to assess the impact of wildfire on small mammal populations. To minimize possible confounding of mammal responses resulting from spatially variable rainfall, the grids used in this study were within the study area. The areas burned are shaded black in both panels. In B), the following features are presented: the properties where the study was conducted (gray), names of the properties (dark lettering), the names of study sites (white lettering), and location of study grids (symbols).
selected on the basis of their rainfall history and geographical location. Thus, 4 grids were chosen in the eastern part of the study area at Oil Bore (2 burned grids) and Ethabuka (2 unburned grids), respectively. Another 8 grids were located in the west of the study area at Field River (4 burned grids) and Tobermorey (4 unburned grids), respectively. To minimize the effects of cattle grazing, all grids were located .10 km from active bores. To examine the effects of spatially variable rainfalls, monthly rainfall records were collected from 6 automated weather stations located within the study area (Table 2) . Values for rainfall and vegetation variables at each grid were correlated against small mammal capture rates in each trapping session.
Small mammal trapping.-Each grid consisted of 6 lines of 6 pitfall traps spaced 20 m apart and covered 1 ha. The grids were located .0.5 km apart. The top line of traps was positioned along the dune crest, and the bottom line ran parallel 100 m away in the swale. Pitfall traps consisted of a 5-m drift fence made of aluminium flywire (window screen), positioned over a length of polyvinyl chloride pipe (16 cm in diameter, 60 cm deep), buried flush with the ground. Flywire was placed underneath the traps to prevent animals from escaping. On capture, mammals were given a unique ear-cut for identification purposes. When not in use, traps were closed with lids. Grids were checked in the morning for up to 3 consecutive nights. During each trapping session the grids were trapped by 2 or 3 teams of researchers within a 10-day period.
Because of the low recapture rates (typically ,15%) for all species (Letnic 2002) , population dynamics were evaluated by using a catchper-unit-effort method. Trap effort was standardized for each grid for each trapping session by dividing the number of animals caught by the number of nights that grids were open. Because of floods and sandstorms, the grids trapped and the duration of trap sessions varied slightly ( X ¼ 2.8 days, SD ¼ 0.3 days). Standardized trap data for abundance were used in all analyses (captures per grid-night) for each species separately and for all species combined (Total mammal captures). Relative species richness for each grid for each trapping session was expressed as the number of species caught at each grid divided by the number of nights that the grids were open.
Spotlighting surveys for the large predators Felis catus (domestic cat), Vulpes vulpes (red fox), and Canis lupus dingo (dingo) were conducted between August 1999 and July 2002 to provide an index of predator abundance within the study area. Surveys were conducted 2 or 3 times during each trapping session and were 14 km in length. Survey results were standardized as the number of individuals observed per night. Because large terrestrial predators make extensive overnight (.10-km) and long-term movements (Mahon 1999) , the results presented here are intended to be indicative of predator abundance across the study area as a whole rather than at specific sites within the study area.
All procedures for small mammal trapping were approved by the University of Sydney Animal Ethics Committee and meet guidelines recommended by the American Society of Mammalogists (Animal Care and Use and Committee 1998) .
Climatic variables.-The ENSO has 2 phases, El Niño and La Niña. El Niño and La Niña years are associated with anomalously warm and anomalously cold waters in eastern Pacific Ocean, respectively. The SOI is a commonly used measure of ENSO and is the normalized difference in atmospheric pressure between Tahiti and Darwin, Australia (Kotwicki and Allan 1998) . Previous studies have found the SOI, particularly the average for the months June-November, to be a useful predictor of rainfall and runoff in eastern and northern Australia (Chiew et al. 1998; Kotwicki and Allan 1998) . In Australia, strongly positive values (.5.5) of the SOI are associated with periods of high rainfalls and strongly negative values (,5.5) with periods of low rainfalls. SOI data were obtained from the Australian Bureau of Meteorology.
Monthly cumulative rainfall totals between August 1998 and July 2002 were collected by 6 Environdata automated weather stations (Environdata Australia Pty Ltd., Warwick, Queensland, Australia) located within the study area (Table 2 ; Fig. 1 ). For time-series analyses, the mean of the Tobermorey West and Tobermorey East weather stations was used. Cumulative monthly rainfalls for the 13 months before each trapping session were calculated.
Because rainfall in the study area occurs mainly during the austral summer (December-February), statistics on cumulative calendar-year rainfall (January-December) may provide misleading figures on the amount of rain received. To provide a better indication of the rainfall received during the summer growing season, we therefore present cumulative rain-year (July-June) rainfall to encompass each wet season.
The closest long-term weather station to the study area is Glenormiston. Because of the paucity of long-term records within the study area, we used historical rainfall records from this station to compare against rain-year rainfall and assess the magnitude of rainyear rainfalls in our study. The historical rainfall data set for Glenormiston was extended and missing values were substituted with values from the Boulia rain station to give n ¼ 112 years.
To make comparisons with the historical rainfall data set we used medians and percentiles because the annual, rain-year, and monthly rainfall totals were not normally distributed. Thus, median rainfall totals give a better indication of ''normal rainfall'' conditions than do mean rainfall totals (Bureau of Meteorology 1998a). We defined dry conditions as periods when rainfall was less than the 33rd percentile of the historical record for that same period (National Climate Centre 2002) and wet conditions as periods when rainfall was greater than the 67th percentile for the period. Normal conditions were defined as periods when rainfall was between the 33rd and 67th percentiles.
To reduce the complexity of the data set, a simplified procedure was used for assessing spatial correlations between mammal and rainfall variables. Each study grid was allocated the rainfall data for the nearest weather station (Table 2 ). For analyses, the following rainfall variables were used: cumulative rainfall in the 3 months before each trapping session (Rainfall 1-3 months); cumulative rainfall that fell 4-6 months before each trapping session (Rainfall 4-6 months); cumulative rainfall that fell 7-9 months before each trapping session (Rainfall 7-9 months); and cumulative rainfall that fell 10-12 months before each trapping session (Rainfall 10-12 months). Missing data for the Field River South weather station between October 2000 and April 2001 were replaced with data from the nearest weather station, located 12 km away at Field River North (Fig. 1B) .
Vegetation variables.-Habitat variables were measured in all trapping sessions except August 1999 to provide an index of primary productivity and habitat structure. Assessments of vegetation cover were made visually by estimating the area covered by each plant species present, as a percentage, within a 2.5-m radius around pitfall trap stations (Dickman et al. 1999 (Dickman et al. , 2001 ). Estimates were taken at 6 trap stations, representing 1 station randomly chosen from each row of traps within a grid. The area covered by each species was then calculated as the mean of the 6 measurements. To reduce the complexity of the data, plant species were classified into the 4 structural categories of spinifex (Spinifex), nonspinifex grasses (Grass), herbs and forbs (Herbs), and shrubs (Shrubs). Plant species richness was calculated as the number of plant species observed in floristic surveys on each trapping grid.
Analyses: time series.-The abundances and species richness of small mammals were correlated against mean monthly values for rainfall and the SOI in the 12 months before each trapping session and against plant species richness in the preceding 4 trapping sessions. Spotlight observations of large predators in each trapping session were correlated against values for the SOI and rainfall in the 12 months before each trapping session. Analyses were performed only for small mammal species that were represented by .20 captures. Observations of large predators (red fox, domestic cat, and dingo) and capture rates of the small (100-to 150-g), carnivorous dasyurid Dasycercus cristicauda (mulgara) in each trapping session were correlated against total rodent capture rates in the trapping session of observation and the previous 4 trapping sessions.
Analyses: wildfire.-A 1-factor repeated-measures analysis of variance (ANOVA) was used to determine if small mammal and habitat variables, respectively, responded over time to the effects of the wildfire (Green 1993) . The between-subjects factor was burned (Burned, Unburned), which was treated as a fixed factor, and the within-subject factor was time (April 2001 , September 2001 , December 2001 , January 2002 , May 2002 , July 2002 . A significant time Â burned interaction term is suggestive but not conclusive evidence of a wildfire impact (Green 1993) . Assumptions of analysis of variance were checked by examining residual plots. To improve the distributions of residuals, data for mammal species were square root-transformed before ANOVA. Probability values for time-related F-tests in ANOVA were adjusted for correlation between observations by using the Hunyh-Feldt epsilon (Green 1993) . As for time-series analyses, tests were performed only for mammal species that were captured more than 20 times.
The time Â burned effect was investigated for all variables by using a priori 1 degree of freedom contrasts to determine if small mammal abundance differed between the burned and unburned grids before and after the wildfire (Green 1993 . Two postburning periods were distinguished because of apparent differences in habitat structure on the burned grids between trapping sessions. Immediately after the wildfire, the burned areas were almost devoid of vegetation (postburn I). After the wet season (postburn II), nonspinifex grasses were abundant on the burned areas.
Additional unplanned 1 degree of freedom contrast analyses were used to test specific hypotheses that variables differed between the burned and unburned grids during specific trapping sessions (Green 1993) . The number of contrasts performed was restricted to the number of error degrees of freedom for the effect being tested (Green 1993) . Because of correlated error structure in repeated-measure designs, Green (1993) stated that contrasts may be valid when timerelated interaction effects are not. Thus, contrasts were performed even when interaction effects were not significant.
One-way ANOVA was used to compare the cumulative rain-year rainfall totals for each rainfall-year between burned and unburned sites. Product-moment correlations were used to explore the spatial relationships between rainfalls observed at the 6 weather stations located within the study area. Product-moment correlations also were used to explore the spatial relationships between small mammal variables, rainfalls, and vegetation structure variables observed during each trapping session. All analyses were performed by using SuperANOVA (Abacus Concepts 1989) or Statview (Abacus Concepts 1992).
RESULTS
Rainfall.-The SOI and rainfalls varied dramatically during the study period (Fig. 2) . The study began during a period of normal rainfall that was preceded by the El Niño phase of the ENSO (Bureau of Meteorology 1998b) , when low values of the SOI were recorded (the mean June-November SOI for 1997 was À16.8). The cumulative rain-year (July-June) rainfall for Ethabuka in 1997-1998 was 207.2 mm. Positive values for the SOI at the beginning of the study period in August 1999 were indicative of moderate La Niña conditions that continued throughout 2000 (Darwin Regional Specialized Meteorological Centre 1999 . Cumulative rainfall records indicated that rainfall for the 1998-1999 rain-year at most sites was below the long-term median for Glenormiston (189.5 mm, n ¼ 112 rain-years; Table 2 ). At Field River North and Tobermorey West, rainfall was below the 33rd percentile of rain-year rainfall for Glenormiston (33rd percentile ¼ 128 mm). Rainfalls in the 1999-2000 and 2000-2001 rain-years were above the 67th percentile of rain-year rainfalls for Glenormiston (67th percentile ¼ 253 mm) at all sites except Tobermorey West (Table 2) . During the 2001-2002 rain-year, rainfalls at most sites were within the normal range (between 128 and 253 mm), although that received at Ethabuka was less than the 33rd percentile for Glenormiston (Table 2) . Monthly cumulative rainfalls at Tobermorey between July 1998 and July 2002 were correlated positively with the SOI (Fig. 2) for the month measured (r ¼ 0.36, P ¼ 0.01, n ¼ 49) and for the previous month (r ¼ 0.35, P ¼ 0.01, n ¼ 49).
Cumulative monthly rainfalls received at the 6 weather stations between October 1999 and July 2002 were correlated positively (r values ranged from 0.63 to 0.91, n ¼ 49, P , 0.01 for all comparisons), suggesting that the timing of rainfalls across the study area was similar. However, the range in cumulative rain-year rainfalls indicates that the magnitude of rainfalls across the study area varied considerably (Table 2) . ANOVAs indicated no significant difference in the rainfalls for each rain-year between weather stations at burned and unburned sites (1998-1999, F ¼ 0.96; 1999-2000 Small mammal species richness varied markedly. Species richness was initially very low, but increased during 2000 and peaked in July 2001 (Fig. 3) . This increase reflected a general increase in small mammal abundances and the capture of species such as P. desertor, D. cristicauda, and M. domesticus that were normally rare within the study area. After July 2001, small mammal species richness declined to levels similar to those observed in 1999. Mean capture rates of P. hermannsburgensis, N. alexis, and P. desertor reflected the temporal patterns of species richness, increasing after April 2000, peaking in March 2001, and then falling dramatically. Rodent captures continued their decline until cessation of the study in July 2002. Captures rates of S. youngsoni and N. ridei were low and inconsistent throughout the study period.
Plant species richness also varied markedly during the study (Fig. 3) . Richness was low at the beginning of the study, but increased dramatically during 2000. The peak in plant species richness was recorded during October 2000, and declined thereafter. Small mammal species richness was correlated with plant species richness, 2 (r ¼ 0.64, P ¼ 0.02, n ¼ 13), 3 (r ¼ 0.78, P , 0.01, n ¼ 13), and 4 (r ¼ 0.72, P , 0.01, n ¼ 13) censuses previously, but was not correlated with rainfall or the SOI.
Mean captures of P. hermannsburgensis (Fig. 4A ) were correlated with rainfall 4 (r ¼ 0.63, P ¼ 0.01, n ¼ 13) and 6 (r ¼ 0.67, P ¼ 0.01, n ¼ 13) months previously, and with plant species richness 3 censuses previously (r ¼ 0.59, P ¼ 0.03, n ¼ 13). Mean captures of N. alexis (Fig. 4A) were correlated with rainfall 6 months previously (r ¼ 0.67, P ¼ 0.01, n ¼ 13) and with plant species richness 3 censuses previously (r ¼ 0.66, P ¼ 0.01, n ¼ 13). Mean captures of P. desertor (Fig. 4B) were correlated with rainfall 1 (r ¼ 0.61, P ¼ 0.03, n ¼ 13) and 11 (r ¼ 0.77, P , 0.01, n ¼ 13) months previously, and with plant species richness 3 censuses previously. No significant correlations were observed between rodent species and the SOI in the previous 12 months.
Predator numbers were below detectable levels when using the spotlighting technique for much of the study, although tracking and other anecdotal observations indicated that the carnivorous D. cristicauda, cats, and dingoes were present throughout the study period. (Fig. 4B) , and showed no correlation with rainfall or the SOI in the previous 12 months, but were correlated with rainfall 3 censuses previously (r ¼ 0.77, P , 0.01, n ¼ 13). Spotlight observations of large eutherian predators increased markedly after September 2001 and were greatest during 2002 (Fig. 4C ). Spotlighting observations of foxes, cats, dingoes, and all carnivores combined were not correlated together or separately with rainfall or the SOI.
Observations of predators (Figs. 4B and 4C) were correlated with mean total rodent captures in previous censuses. Captures of D. cristicauda were correlated with rodent captures 3 censuses previously (r ¼ 0.60, P ¼ 0.03, n ¼ 13). Observations of cats were correlated with rodent captures 3 (r ¼ 0.88, P , 0.01, n ¼ 13) and 4 (r ¼ 0.72, P , 0.01, n ¼ 13) censuses previously. Observations of foxes were correlated with rodent captures 4 censuses previously (r ¼ 0.79, P , 0.01, n ¼ 13), as were observations of dingoes (r ¼ 0.61, P ¼ 0.02, n ¼ 13). Spotlighting counts of all large predators (excluding D. cristicauda) in each trapping session were correlated strongly with rodent abundance 4 censuses previously (r ¼ 0.92, P , 0.01, n ¼ 13).
Impact of wildfire on small mammals.-Between March 2001 and July 2002, 6,984 trap-nights (194 grid-nights) yielded a total of 985 captures of 10 mammal species, giving an overall capture success rate (captures/trap-night) of 14.1%. The species captured were P. hermannsburgensis (294 captures), N. alexis (286 captures), P. desertor (245 captures), M. domesticus (3 captures), D. cristicauda (100 captures), N. ridei (27 captures), S. youngsoni (24 captures), S. hirtipes (4 captures), Sminthopsis macroura (stripe-faced dunnart; 1 capture), and Sminthopsis crassicaudata (fat-tailed dunnart; 1 capture).
Overall, analyses of variance indicated that wildfire had little sustained impact on small mammals, except for the capture rate of P. desertor and overall species richness, both of which displayed a significant time Â burned interaction (Table 3 ). All species except S. youngsoni declined in abundance during the study both on burned and unburned grids and gave rise to marked effects of time (Table 3) . These declines and differences in abundance between burned and unburned grids before wildfire made the identification of fire impacts problematic for some species. However, contrast analyses suggest that wildfire may have had brief impacts on some species (Table 4) .
More N. alexis were captured on unburned than burned grids during the postfire I period (Table 4 ; Fig. 5 ). However, it is difficult to attribute this difference solely to wildfire because more N. alexis were captured on unburned grids during the prefire period (Fig. 5) . During the prefire period, the differences in capture rates between burned and unburned grids were greatest in April 2001.
Pseudomys hermannsburgensis declined markedly over the study period (Table 4 ; Fig. 5 ). No significant differences were observed between burned and unburned grids except during May 2002, when more captures were recorded on unburned grids (Unburned . Burned, F ¼ 6.53, P ¼ 0.01; Fig. 5) .
A significant time Â burned interaction for P. desertor was suggestive of a wildfire impact (Table 3) . Contrasts indicated that the burned and unburned grids differed significantly both before the wildfire and during the postfire I trapping sessions (Table 4 ; Fig. 5 ). Before wildfire, more captures were recorded on the grids that were later burned (Table 4 in the postburn II period (Table 4) . Capture rates during this period were low, and no P. desertor were recorded on burned grids (Fig. 5) .
During April 2001, more captures of D. cristicauda were recorded on grids that would later be burned (Burned . Unburned, F ¼ 4.66, P ¼ 0.04; Fig. 6 ). However, during December 2001, more captures were recorded on unburned than burned sites (Unburned . Burned, F ¼ 4.49, P ¼ 0.04; Fig. 6 ). These observations and a paucity of captures on burned grids after December 2001 (Fig. 6 ) suggest a possible fire impact.
Capture rates of S. youngsoni differed significantly between burned and unburned grids during December 2001, when no captures were recorded on unburned grids (Fig. 6) . In general, however, the abundance of this species did not differ between the burned or unburned grids in any of the 3 time periods analyzed (Table 4) .
Capture rates of N. ridei did not differ between burned and unburned grids during the preburn and postburn I periods (Table 4) . However, during the postburn II period, more captures were recorded on unburned grids than on burned grids (Table 4 ; Fig. 6) .
A significant time Â burned interaction suggested that wildfire had a significant impact on small mammal species richness (Table 3) . Species richness during the study declined in both habitat categories; however, the declines were more marked on burned grids (Fig. 7) . Before the wildfire, no significant differences were found in species richness between the burned and unburned grids (Table 4 ; Fig. 7 ). Although no overall difference was found in mammal species richness between burned and unburned grids during the postburn I period, unplanned contrasts indicated that species richness was greater on unburned grids during the January 2002 census (Table 4 ; Fig. 7 ; Unburned . Burned, F ¼ 6.86, P ¼ 0.01). During the postburn II period, significantly more species were observed on unburned grids than on burned grids (Table 4 ; Fig.  7 ). However, unplanned contrasts indicated that species richness was significantly higher on unburned than burned grids during May 2002 (Unburned . Burned, F ¼ 10.11, P , 0.01) but not during July 2002.
Spatial correlations between small mammal activity and habitat variables.-The wildfire had a dramatic impact on vegetation structure and plant species composition (Table 5 ; Fig. 8 ). Before the wildfire, spinifex cover was greater on the grids that were later burned and grass cover was greater on the unburned grids (Tables 5 and 6 ; Fig. 8 ). These patterns were reversed after the fire, leading to significant time Â burned interactions. In some instances, no spinifex remained after the wildfire of 6-8 November 2001 (Tables 5 and 6 ; Fig. 8) . By December 2001, the nonspinifex grasses Aristida contorta, Yakirra australiensis, Eriachne aristidea, Paractenum refractum, and Eragrostis eriopoda had germinated on all the burned grids. Herb cover was greater on burned than unburned grids during the postburn II period, whereas shrub cover showed the opposite pattern (Table 6 ; Fig. 8 ).
Plant species richness changed over time between habitats (Table 5 ; Fig. 9) ; during the postburn II period significantly more plant species were observed on burned than unburned grids. This difference reflected the presence of many nonspinifex grasses and herbs on burned grids.
Rainfall variables were prominent spatial correlates of small mammal abundance before the wildfire. In April 2001, rainfall in the previous 3 months was a correlate of the abundance of P. hermannsburgensis (r ¼ 0.65, P , 0.05, n ¼ 12), P. desertor (r ¼ 0.74, P , 0.01, n ¼ 12), D. cristicauda (r ¼ 0.65, P , 0.05, n ¼ 12), and N. ridei (r ¼ 0.65, P , 0.05, n ¼ 12). In September 2001, abundances of P. desertor were correlated with rainfall 10-12 months previously (r ¼ 0.73, P , 0.01, n ¼ 12). N. ridei was the only species whose abundance was correlated with vegetation structure variables during the prewildfire period. These correlations were with spinifex cover (r ¼ 0.64, P , 0.05, n ¼ 12) and annual grass cover (r ¼ À0.70, P , 0.01, n ¼ 12) in April 2001.
After the wildfire, few positive correlations with rainfall variables were observed. In December 2001, a correlation was found between abundance of P. desertor and rainfall 7-9 months previously (r ¼ 0.73, P , 0.01, n ¼ 12), and in May 2002 a correlation was found between the abundance of P. hermannsburgensis and rainfall 4-6 months previously (r ¼ 0.62, P , 0.05, n ¼ 12). During the postwildfire period (December 2001-July 2002), variables indicative of vegetation structure (e.g., spinifex, shrub, and herb cover) were prominent correlates of mammal species abundances and small mammal species richness. Spinifex cover was correlated with abundance of P. desertor in January 2002 (r ¼ 0.63, P , 0.05, n ¼ 12), and with the abundances of P. hermannsburgensis (r ¼ 0.83, P , 0.01, n ¼ 12), P. desertor (r ¼ 0.73, P , 0.01, n ¼ 12), and N. ridei (r ¼ 0.61, P , 0.01, n ¼ 12) in May 2002. Mammal species richness also was correlated with spinifex cover during May 2002 (r ¼ 0.82, P , 0.01, n ¼ 12). Abundance of N. ridei (r ¼ 0.61, P , 0.05) and mammal species richness (r ¼ 0.65, P , 0.05, n ¼ 12) were correlated with spinifex cover during the July 2002 trapping session. Herb cover was correlated with the abundances of N. alexis (r ¼ 0.93 P , 0.01, n ¼ 12), P. hermannsburgensis (r ¼ 0.68, P , 0.05, n ¼ 12), P. desertor (r ¼ 0.70, P , 0.05, n ¼ 12), and S. youngsoni (r ¼ 0.73, P , 0.05, n ¼ 12) in January 2002. Mammal species richness also was correlated with herb cover during the January 2002 trapping session (r ¼ 0.75, P , 0.01, n ¼ 12). Shrub cover was correlated with the abundances of N. alexis (r ¼ 0.70, P , 0.01, n ¼ 12) and P. desertor (r ¼ 0.74, P , 0.01, n ¼ 12) during May 2002.
DISCUSSION
The relationship between ENSO, rainfall, and mammal population dynamics.-The 2 phases of the ENSO, La Niña and El Niño, have dramatic influences on the global and Australian climate Markgraf 1992, 2000) . In Australia, El Niño events are associated with drought and La Niña events with high-rainfall or pluvial phases (Chiew et al. 1998; Kotwicki and Allan 1998) . Conversely, in the Americas El Niño events are associated with heavy rainfalls and La Niña events with below-average rainfalls Markgraf 1992, 2000) .
Although the impacts of ENSO events on agricultural production and ecological communities are becoming better known (Diaz and Markgraf 1992; Holmgren et al. 2001; Kingsford et al. 1999; Meserve et al. 1995; Nicholls 1991 Nicholls , 1992 Whitehead and Saalfeld 2000) , relatively few studies have established or emphasized explicit links between mammalian population dynamics and ENSO (Jaksic and Lima 2003; Jaksic et al. 1997; Lima et al. 1999; Marshal et al. 2002; Meserve et al. 1995 Meserve et al. , 2003 Stapp et al. 2004) . In this study, the time series of rodent capture rates were not correlated directly with the SOI, but they were correlated with rainfall and an increase in plant species richness that resulted from an ENSO-related period of high rainfall. Similarly, Jaksic et al. (1997) , Lima et al. (1999) , and Marshal et al. (2002) have identified strong linkages between mammalian population dynamics and ENSO-related rainfall or primary productivity but not with the SOI.
The results of this study are consistent with previous aridzone studies that have found rainfall to prompt flushes of primary productivity and consequently increases in the abundance of small mammals and their predators (Jaksic et al. 1997; Newsome and Corbett 1975; Plomley 1972) . The delayed numerical response by terrestrial predators to rodent numbers suggests that their increases in abundance were at least in part attributable to successful recruitment. The peaks in capture rates of D. cristicauda, for example, reflected the capture of subadults that had recently entered the population after the spring breeding season (Dickman et al. 2001) . Although not directly measured, avian predators of small mammals, particularly barn owls (Tyto alba), black-shouldered kites (Elanus axillaris), and letter-winged kites (E. scriptus) also became abundant during 2001. This rapid numerical response by predatory birds appeared to result from immigration into the study area.
The delayed increase in the densities of rodents to primary productivity and of terrestrial predators to rodents suggests that, during periods of relatively dry conditions, trophic webs in the Simpson Desert, like those reported by Meserve et al. (2003) from Chile, operate from bottom to top. Such a bottom-up scenario can be expected in arid ecosystems where nutrients and food resources typically are limiting (Pace et al. 1999; Stafford-Smith and Morton 1990) . In temperate terrestrial, freshwater, and benthic-marine ecosystems, where primary productivity is relatively stable, top-down, predator-regulated trophic webs typically prevail (Pace et al. 1999) . In the present study, a decrease in primary productivity and an increase in predator numbers coincided with a decline in rodent populations. Furthermore, predator numbers continued to increase despite declining rodent populations. Examination of these data suggests that increased predation contributed to the decline in rodent numbers. Consequently, we suggest that a transitory, top-down, predator-regulated, trophic pathway may have existed during the latter half of 2001 and 2002 when predators were abundant. Similar shifts in the structure of trophic pathways have been described in diverse terrestrial ecosystems (Dickman 2003; Sinclair et al. 2000) , including desert mammal communities in Chile (Meserve et al. 2003) , and may occur more commonly than previously thought.
Further evidence for the existence of transitory, top-down trophic pathways after rodent irruptions in arid Australia comes from studies that have demonstrated that prey-switching predators can suppress the populations of their prey (Corbett and Newsome 1987; Newsome and Corbett 1975; Sinclair et al. 1998) . However, during the extended periods of low rodent abundance that normally prevail in arid Australia (Dickman et al. 1999; Newsome and Corbett 1975) , predators are uncommon and appear to have relatively little impact on small mammal populations (Corbett and Newsome 1987; Mahon 1999) . For example, within the study area some predators such as foxes, D. cristicauda, letter-winged kites, and black-shouldered kites are usually rare and may even be absent (Mahon 1999). Consequently, predation is not normally considered to be as important a factor influencing small mammal dynamics or their habitat selection as it is after rodent irruptions (Haythornthwaite and Dickman 2000; Kotler et al. 1998) .
The impact of wildfire on small mammals.-Declines in small mammal abundance and species richness were in progress before the wildfire of November 2001 and appear to have been the result of increased predation pressure from mammalian predators. After the fire, these declines continued both on burned and unburned grids. However, postfire responses by species abundances and species richness suggest that the wildfire had both immediate and longer-term effects on the small mammal community.
The wildfire had a dramatic effect on vegetation cover and in some areas removed all surface vegetation. Despite these effects, trapping during December 2001, 3-4 weeks after the passing of the fire, revealed that some mammal species showed little immediate response to burning. These observations, like those of previous arid-lands studies, suggest that fires cause little direct mortality among burrowing mammal species (Letnic 2003a; Simons 1991) . In the December 2001 trapping session, D. cristicauda and N. alexis showed a preference for unburned grids, and S. youngsoni showed a preference for burned areas. In the cases of S. youngsoni and N. alexis, the responses to fire were not sustained and cannot be attributed wholly to wildfire.
The response of D. cristicauda, on the other hand, may have been a fire response. This species has a strong preference for long-unburned spinifex habitats (Letnic 2003a) , and only 1 capture was recorded on the burned grids after December 2001. However, we note that the low capture rates during the postfire period on both burned and unburned grids limit the power of this observation.
Several variables appeared to show sustained and or delayed responses to the wildfire. During the postfire period, declines in the abundance of P. desertor and species richness were more marked on burned than unburned grids. In addition, N. ridei and P. hermannsburgensis were more abundant on unburned grids during the postburn II period, particularly the May 2002 trapping session. Previous studies of extensive wildfires have attributed delayed postfire declines of small mammals and other vertebrates to diminished food resources, increased exposure to predation, and loss of preferred habitat (Lawrence 1966; Loyn 1997; Newsome et al. 1975 Newsome et al. , 1983 . Floristic surveys conducted on burned study grids suggest that diminished food resources were unlikely to be the cause of the declines observed in burned areas. In the case of the Oil Bore study grids, annual and perennial grasses had sprouted and set seed within 40 days of the wildfire. The coverage of seeding grasses had increased by May 2002, and fresh grass seed also was present in July 2002. During May 2002, large flocks of granivorous birds, especially budgerigars (Melopsittacus undulatus) and zebra finches (Taeniopygia guttata), were observed feeding on grass seeds in burned areas. Fresh grass seed was not observed on burned grids at Field River, which had received less summer rainfall, until May 2002. Large numbers of surface-active termites also were observed on the Oil Bore grids during May 2002 and have previously been observed to be abundant in recently burned areas (Letnic et al. 2004) .
Given the almost complete lack of vegetation cover on burned areas when compared to unburned areas, which were blanketed by dense spinifex, the observed impacts of fire on small mammal abundances and species richness appear attributable, in part, to increased exposure to predation. In open habitats the exposure of small mammals to volant and cursorial predators is likely to be greater than in habitats where dense vegetation can provide refuges (Kotler et al. 1994) . In support of this, previous studies indicate that P. hermannsburgensis does not normally show a strong preference for either burned or unburned habitats (Letnic 2003a; Letnic and Dickman 2005; Southgate and Masters 1996) . However, during May 2002, P. hermannsburgensis was more abundant on grids with dense spinifex cover. This suggests that individual P. hermannsburgensis may have aggregated in or had higher survival in unburned habitats where there was more shelter from predators.
After the wildfire, decreases in the abundances of species normally associated with dense, long-unburned spinifex, notably P. desertor, N. ridei, and D. cristicauda (Letnic 2003a; Letnic and Dickman, in press; Masters 1993 ) also was likely to reflect the loss of their preferred habitat. These species appear to be particularly fire-sensitive and in a previous study, the capture rates of P. desertor and D. cristicauda were reduced in burned patches as small as 1-3 ha (Letnic 2003a) .
Management implications.-Linkages between high-rainfall events, rodent irruptions, predator abundances, and wildfire pose complex logistical challenges for land-managers tasked with conserving arid-zone wildlife (Letnic et al. 2004) . After periods of exceptionally high rainfall, hyperpredation and wildfire appear to be concurrent threats to small mammal populations. Because the SOI and other indicators of ENSO such as sea surface temperatures are useful predictors of rainfall in eastern and northern Australia (Chiew et al. 1998; Kotwicki and Allan 1998) , we suggest that wildlife managers utilize ENSO-related climatic forecasts in their fire and predator management strategies.
In the case of spinifex grasslands, we recommend that landmanagers implement prescribed patch-burning regimes during the cooler months (Burrows and Van Didden 1991) , particularly when climatic forecasts indicate the onset of La Niña. These fire regimes should aim to establish relatively small patches of burned habitats, which in the event of unplanned wildfires act as firebreaks, that protect areas of dense longunburned spinifex and fire-sensitive species associated with these habitats. The dense spinifex hummocks present in unburned patches also have the potential to offset interactions between wildfire and predation by providing small mammals with greater protection from predators than is available in burned areas (Kotler et al. 1994) . The provision of fire mosaics in spinifex grasslands has the additional advantage of promoting greater local species diversity of plants and reptiles (Letnic et al. 2004; Noble 1989; Pianka 1996) .
Predation by introduced red foxes and domestic cats has been implicated in the extinction of several Australian aridzone mammal species (Dickman 1996; Morton 1990 ) and is considered an ongoing threat to some extant species (LundieJenkins et al. 1993; Short et al. 1992) . The results of this study highlight the need for predator control after high-rainfall events and associated increases in rodent populations. Being able to control predator numbers during these periods when rodents form the primary prey items of predators (Paltridge 2002 ) has the potential to alleviate the impacts of predation on secondary prey species that are most vulnerable to predation (Sinclair et al. 1998) . However, controlling predator numbers during rodent irruptions is problematic because of the large expanses of land that need to be treated and difficulties in delivering poison baits to predators whose prey is plentiful. We suggest that wildlife managers investigate the potential of using climatic forecasts, indicating the onset of La Niña, as cues to initiate intensive predator control programs before the occurrence of rodent irruptions.
